The series resistance of microcrystalline hydrogenated silicon thin-film pin-type solar cells is investigated using illumination dependent current/voltage characteristics. We present a simple analytical model describing the total series resistance of low-mobility pin-type solar cells. The model thus provides insight into the influence of the material properties of the intrinsic layer on the series resistance. Our model allows us to separate the voltage dependent internal resistance of the intrinsic layer from the residual, external resistance. We verified our model over a wide range of parameters relevant to thin-film silicon devices by comparison to numerical simulations. Finally, we demonstrate that our model can consistently describe the series resistance of experimental a lc-Si:H pin-type solar cell. Furthermore, the fitting of the model with experimental data yields the external series resistance and information of the carrier mobilities and effective density of states in the bands of the intrinsic layer in the device.
I. INTRODUCTION
Series resistance in solar cells is unavoidable and often relevant to the achieved efficiency. [1] [2] [3] [4] Moreover, advanced characterization techniques like electroluminescence imaging, [5] [6] [7] [8] [9] [10] [11] or lock-in thermography 12, 13 in solar cells are often affected by the series resistance. In this work, we analyze the series resistance in hydrogenated amorphous (a-Si:H) or hydrogenated microcrystalline (lc-Si:H) silicon solar cells. The series resistance of these devices is not only affected by the contacting scheme. Also material properties of the silicon layers and the pin-type device structure have a profound affect on the series resistance.
The present paper uses the classical method of Wolf and Rauschenbach 14 to determine the series resistance (R s ) by comparison of dark and illuminated current/voltage (JV) characteristics. This method, usually denoted as J sc =V oc -method, is especially useful in situations where R s is dependent on bias voltage and/or illumination level.
To analyze the determined series resistance we developed a simple analytical model. This model distinguishes between internal and external series resistance. We define the internal series resistance as the series resistance that originates within the silicon layer stack and the external series resistance as the series resistance arising form, the contacting scheme. Our analytical model describes the internal series resistance with only a few material parameters and thus is useful in understanding series resistance effects and can aid in determining material properties of the intrinsic layer within a solar cell.
We compare our analytical model for the internal series resistance to numerical simulations using the program Advanced Semiconductor Analysis (ASA). 15 Furthermore, we experimentally determined the series resistance of lc-Si:H thin-film solar cells as a function of voltage and temperature. We demonstrate that our analytical model consistently describes the observed series resistances.
In Sec. II, we introduce the principle of the series J sc =V oc -method for determining the series resistance. The analytical model for the internal series resistance is introduced in Sec. III. In Sec. IV, we compare the analytical model with simulation results and experimentally determined series resistances of a lc-Si:H solar cell.
II. THE J sc =V oc METHOD FOR DETERMINATION OF SERIES RESISTANCE
The analysis of the series resistance via the J sc =V oc -method relies on the superposition of the dark current density (J d ) and the photocurrent (J ph ) and their dependence on the voltage (V) applied to the device such that the total current reads
where the internal junction voltage (V j ) depends on the external voltage (V) via
Under open circuit conditions, we have J ¼ 0 and, therefore,
If (and only if) the photocurrent (J ph ) is independent from V, we can identify J ph with the short circuit current density (J sc ). Finally, the J sc =V oc -method uses a series of J sc =V oc pairs under various illumination intensities (/) and compares each pair with the JV-curve measured in the dark at equal current densities,
Because of the equality of current densities, the voltage arguments on the left and on the right side in Eq. (4) 
Finally, resolving Eq. (5) for R s yields
The Fig. 1 illustrates, how we use Eq. (6) to determine R s at a given dark current (J d ).
In the following, we use Eq. (6) as a definition of the series resistance (R s ) resulting from the J sc =V oc -method regardless whether or not the actual device follows the superposition principle. The physical interpretation of experimentally obtained R s values might therefore cover much more than a simple Ohmic resistance.
14 For a pin device, we differentiate between an internal, voltage dependent resistance of the junction (R 
III. ANALYTICAL APPROXIMATION FOR THE i-LAYER RESISTANCE
For the calculation of the internal series resistance (R i s ) of a pin-device, we assume flat quasi-Fermi level splitting over the depth of the intrinsic layer (w), which is equal to the junction voltage (V) at the contacts. The Fig. 2 illustrates qV ¼ E fn À E fp for the quasi Fermi-levels (E fn , E fp ) of the conduction and valence band, respectively, where q is the elementary charge. To describe the electric field (F 0 ) in the center region of the intrinsic layer, we use a built-in voltage (V bi ) caused by the doped layers. A scaling factor c takes the band bending at the p-i and i-n interfaces into account. Furthermore, we assume a homogeneous electric field (F 0 ) in the center region of the intrinsic layer,
Using device simulations, we find this scaling factor (c) in pin-type thin-film silicon solar cells typically in the range 0:25 c 0:45.
The conductivity of the valence and conduction band is r h ¼ qpl h and r e ¼ qnl e , respectively, where l h and l e are the band mobilities for holes and electrons. The charge carrier concentrations for holes and electrons are given by p and n.
In the dark, most recombination takes place, where the charge carrier concentrations are approximately the same, i.e., n % p. This is placed in the middle of the intrinsic layer at z ¼ 0. 15 We simplify this recombination profile by assuming all recombination takes place exactly in the middle (see Fig. 2 ). Thus, the internal series resistance,
can be written as the sum of two terms taking into account the transport of electrons in the half of the device closer to the electron contact (R e ) and holes in the half closer to the hole contact (R h ). The contributions for electrons and holes follow from integrating over the inverse conductivity as
for electrons and
for holes. Therefore, the charge carrier concentrations read
and where the temperature dependence of the effective density of states given by NðTÞ ¼ N T 0 ðT=T 0 Þ 3=2 is related to a corresponding reference temperature (T 0 ). 16 We assume the effective densities of states at conduction and valence band edge to be the same, i.e., N c;
The intrinsic charge carrier concentration (n 0 ) in the middle of the i-layer can be derived by symmetrizing the electron and hole concentration from Eq. (11) 
and
and E c À E v ¼ E l for the mobility gap between conduction (E c ) and valence band edge (E v ) to
Substituting Eqs. (8), (12), and (13) in Eq. (10) yields
and analog
Combining the Eqs. (14a) and (14b) with Eqs. (7) and (9) leads to
Note that qN T0 l e and qN T0 l h are the minimum metallic conductivities of the conduction and valence band, respectively.
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Thus the term qN T0 ð1=l h þ 1=l e Þ À1 in this Eq. (15) constitutes the parallel minimum metallic conductivity of the conduction and valence band. The mobilities in Eq. (15) are band mobilities (i.e., unaffected by trapping processes) and not drift mobilities as, e.g., determined from time-of-flight measurements. [18] [19] [20] [21] [22] [23] [24] We simplify Eq. (15) It is also important to note that in the present derivation, we assume that the quasi-Fermi levels are constant through the device, i.e., rE fn ¼ 0. Although this assumption is usually reasonable, it actually neglects the effects of R i s , which results in a gradient in quasi-Fermi levels J ¼ qnl e rE fn . Consequently, it is important to analyze the influence of the simplifications by comparison between our simple model and numerical device simulations, as will be presented in the following.
IV. RESULTS

A. Simulation
To test the accuracy of Eq. (15), we perform onedimensional simulations using the numerical device simulator ASA. [25] [26] [27] [28] The optical modeling uses the multi roughinterface model, which is part of ASA. 29, 30 The parameters, which are used here, are based on 15 for lc-Si:H, and 22,31,32 for a-Si:H. The parameters are shown in Table I for the intrinsic layers of a lc-Si:H and a-Si:H pin-type solar cell, where e r is the dielectric constant, E v;c 0 the characteristic energy, and N v;c 0 the effective density of states of the valence and conduction band tail, respectively. The correlation energy of the dangling bonds is given by U, and the total dangling bond concentration by N db . The r e;h are the capture cross-sections for electrons and holes each.
The series resistance is finally calculated from the simulated JV characteristics using Eq. (6) in the same way as for experimental data in Subsection IV B.
In a first step, we model the influence of the built-in voltage (V bi ) on the numerical value of R s . The Fig. 3 compares these results for a lc-Si:H pin-type solar cell. The V bi in the numerical simulations is tuned by the choice of the activation energies (E ap ; E an ) of the p-and n-doped layer, respectively. The built-in voltage is calculated from
where for lc-Si:H v p À v n ¼ 0:15 eV is the difference between the electron affinities of the p-and n-doped layer, respectively. 15 The used activation energies for each of the four simulated built-in potentials in Fig. 3 In a next step, we vary the parameters E l ; R Table I as a starting point. Only one parameter is changed and the effect on R s is shown in its corresponding subfigure. It can be seen that Eq. (15) fits very well to the numerical simulations over broad spectra of parameter values relevant for lc-Si:H and a-Si:H solar cells.
B. Experiment
For the experimental work, we use a lc-Si:H pin-type solar cell, deposited with plasma-enhanced chemical vapour deposition (PECVD) from silane and hydrogen at 185 C. [33] [34] [35] The device consists of a highly conductive zinc oxide front contact, a p-doped and an intrinsic lc-Si:H absorber layer, and an a-Si:H n-doped layer. The back contact consists of a Ag/Al layer stack. In order to avoid current spreading (see Ref. 31 ), we etch back the silicon layer stack around the contacts. The aluminium protects the underlying silver from the reactive ion etching process.
Under AM1.5G conditions the solar cell yields an open circuit voltage V oc ¼ 507 mV and a short circuit current density J sc ¼ 16:9 mA cm À2 . The fill factor, which is very sensitive to the series resistance, is FF ¼ 72%. These photovoltaic parameters yield a cell efficiency g ¼ 7:2%.
The Fig. 6 shows experimental JV characteristics, where the temperature T ¼ 320, 330, and 340 K is varied. The J sc =V oc pairs at highest V oc show a slight shift to lower voltage, which is probably caused by temperature increasing under high illumination (up to hundred suns).
The Fig. 7 shows R s and a fit with Eq. (15) . The value for the mobility gap we used, follows from the temperature dependent dark current density measurements and is therefore also well determined. 15 This way we determine the parallel minimum metallic conductivity to be qN T0 ð1=l h þ 1=l e Þ À1 % 58 S cm À1 .
V. CONCLUSIONS
The present paper derives an analytical model for the total series resistance (R s ) of low-mobility pin-type solar cells as obtained by the J sc =V oc method. Our model allows us to separate the voltage dependent internal resistance of the intrinsic layer from the residual, external resistance. We verified our model over a wide range of parameters relevant to thin-film silicon devices by comparison to numerical simulations. Fitting experimental data obtained from a lc-Si:H pin-type solar cell to our model, unveiled an external series resistance of R e s ¼ 0:55 X cm 2 and the parallel minimum metallic conductivity of the intrinsic layer of 58 S cm À1 , a value that is consistent with a more detailed analysis of similar devices. 
